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Abstract

A three dimensional (3D) finite element analysis of the Markel Mine located on Weeks Island
was performed to: (1) evaluate the stability of the mine and (2) determine the effect of mine
failure on the nearby Morton Salt mine and SPR facilities. The first part of the stability
evaluation investigates the effect of pillar failure on mine stability. These simulations revealed
that tensile stresses and dilatant damage develop in the overlying salt as a result of pillar loss.
These tensile stresses extend to the salt/overburden interface only for the case where all 45 of
the pillars are assumed to fail. Tensile stresses would likely cause macrofracturing of the salt,
resulting in a flow path for groundwater from the overlying aquifer to enter the mine. The
dilatant damage bridges between the mine and the overburden in the case where 15 or more
pillars are removed from the model. Dilatant damage is attributed to microfracturing or
changes in the pore structure of the salt and could also result in a flow path for groundwater to
enter the mine.

The second part of the Markel Mine evaluation investigates the stability of the pillars with
respect to three failure mechanisms: tensile failure, compressive failure, and creep rupture. A
3D slabbing pillar model of the Markel mine was developed to investigate progressive failure
of the pillars and the effect of slabbing on mine stability. Salt was removed from the initially
square pillars to form hourglass-shaped pillars similar to the post-spalled shape of the Markel
Mine pillars. Prior to slabbing, tensile stresses were predicted in the sidewalls and corners of
the pillars in a pattern consistent with the failures observed in the Markel Mine. After
slabbing, the pillar stresses redistribute such that there are no tensile stresses in the pillars. It is
proposed that the corner slabbing observed in the Markel Mine was caused by the
development of tensile stresses in the pillars and that, based on a tensile failure criterion, no
further tensile failure is imminent. Vertical stress increases due to the reduction in the pillar
area after slabbing are not sufficient to initiate compressive failure. Based on a strain-limiting
creep rupture criterion, pillar failure is predicted to be extensive at present. The associated
loss of pillar strength should be equivalent to removing all pillars from the model as was done
in the first part of this stability analysis, resulting in the possibility of ground water intrusion.
Since creep rupture is not a well understood phenomenon, further development and validation
of this criterion is recommended.
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1 Introduction

The Weeks Island SPR mine is a two-level room and pillar mine acquired from Morton Salt
Company in 1976. The 1976 purchase agreement allowed Morton to continue utilizing the
existing mine shafts for development of an interim mine, known as the Markel Mine, while
two shafts were being sunk for the New Morton Mine. The Markel Mine was active until
198 1. Figure 1 shows the relative locations of the SPR mine (labeled “Upper Mine Level” and
“Lower Mine Level”), Markel Mine, and New Morton Mine. The Markel Mine is located
approximately 305 m (1000 ft) to the northwest of the SPR mine. Furthermore, the service
shaft to the New Morton Mine is approximately 152 m (500 ft) south of the Markel Mine.

Since abandonment, the Markel Mine has been periodically inspected for possible signs of
instability. The condition of this mine is of concern for two reasons. First, given the close
proximity of the underground workings, there is concern that deterioration of the Markel
Mine could possibly impact operations of the SPR and Morton facilities. Second, since the
Markel Mine is at the same depth and utilizes similar extraction ratios as the upper level of the
SPR facility, close monitoring of the condition of the Markel Mine is insightful as to the
condition of the SPR facility which is not as accessible. Sandia, in its role of providing
geotechnical support for the SPR, is interested in the impact of Markel Mine deterioration on
the SPR and the New Morton Mine. The principal concern is the potential for hydrological
impact (e.g. leaks) caused by the deterioration of the Markel Mine. The ground water regime

Figure 1. Locations of mines at Weeks Island, including the SPR oil storage facility,
the Markel Mine, and the New Morton Mine.
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over the Weeks Island dome is a single aquifer which extends from just below the surface (at
mean sea level) to the top of the salt stock [l]. The silt and clay above the dome do not
provide a ground water barrier above the dome. Hence, the water immediately above the salt
is nearly saturated with salt. In the event that a leak developed through the salt into the
underground workings, the initial inflow would be saturated. However, later flow would be
from the less saline portion of the aquifer, causing the rate of solutioning, and thus leakage
rates, to increase. The sudden inflow of fresh water into the mine could result in flooding of
the Markel Mine.

Flooding of the Markel Mine could pose a threat to both the Weeks Island SPR oil reserves
and the New Morton Mine. The only barrier between the SPR facility and the Markel Mine
are isolation bulkheads, The bulkheads, located in each of the two access drifts that connect
the mines, are approximately 40 ft-long, keyed into the salt, and are designed to isolate the
SPR from a flood. Both the service and production shafts of the New Morton Mine are
approximately 18 m (60 ft) from one of the access drifts to the Markel Mine. In the event that
the Markel floods, 18 m (60 ft) of salt may not be a sufficient barrier. Any breach of the shaft
lining would result in ground water flow towards the Morton Mine. Sufficient recharging of
the unsaturated ground water could occur and result in uncontrolled flows into the mines.
Finally, the service shaft of the New Morton Mine is located approximately 152 m (500 ft) to
the south of the Markel Mine. Surface subsidence resulting from the creep closure of the
Markel Mine may cause damage to this service shaft.

In this stability investigation, three-dimensional (3D) finite element models of the Markel
Mine are used to evaluate the impact of a Markel Mine collapse on the SPR and Morton
facilities. All of the calculations were performed using JAC3D [2]. There are two primary
concerns addressed in these calculations: (1) the effect of pillar loss on the stability of the
mine and (2) the present condition of the Markel Mine pillars. First, calculations are presented
which investigate the effects of pillar failure on mine stability. In this model no mechanism is
presented as the cause of failure. Instead, selected pillars are removed from the model using
the element death option in JAC3D. The effects of the pillar deletions on the stress
distribution surrounding the mine and in the remaining pillars are investigated. Second, a
model of the Markel Mine is presented which investigates the effect of progressive failure of
pillars on mine stability. Salt was removed from the initially square pillars to form hourglass-
shaped pillars similar to the post-failure pillar shapes observed in the Markel Mine. The
resulting stress redistribution in the pillars is investigated to determine the effect of pillar
slabbing on pillar stability. Combined, the two calculations described in this report present the
most complete stability evaluation of the Markel Mine possible considering the current state
of technology in modeling salt. Although this study answers many questions and provides
valuable insight into the stability of the Markel Mine, some questions remain unanswered. For
example, the study identifies a mechanism to which the existing pillar failure can be
attributed. Furthermore, the study reveals that the hourglass shape of the pillar improves the
short term stability of the pillar. However, the extent of creep rupture experienced by the
pillars, if any, is still unclear since the criterion used in this study has not been extensively
validated, making it difficult to estimate the life of the Markel Mine.

A thorough discussion of the finite element model, constitutive models and failure criteria are
presented in the next section. In Section 3, the results of the two calculations described above
are presented and discussed. Finally, the conclusions are presented in the last section.
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2 Numerical Model
2.1 Structural Model

A map of the Markel Mine is shown in Figure 2. The mine consists of a region of 27.4 m (90
ft) high rooms called the benched area and a perimeter area of 7.62 m (25 ft) high rooms
called the unbenched area. The roof elevations of the benched and unbenched portions of the
mine are the same. The pillars are approximately 29 m (95 ft) square and the rooms are 22.9 m
(75 ft) wide in both the benched and unbenched areas, resulting in an extraction ratio of 0.69.
The extraction ratio is defined as the room area, measured in a horizontal plane, divided by the
total area (including room and pillar). As the figure shows, the mine is somewhat irregular in
shape. In the interest of reducing computational costs, a quarter symmetry model
approximating the general features of the Markel Mine was developed and is shown in Figure
3. The model geometry simulates a 45 pillar (5 by 9) mine with an unbenched perimeter.
Details such as the ramp to the benched area and access drifts are neglected in the model. The
model simulates the stratigraphy over the Weeks Island mine which includes a 48.8 m (160 ft)
deep sandy overburden layer. Displacements are constrained normal to all four vertical
boundaries and the lower horizontal boundary. The model does not include the SPR oil
storage facility or the New Morton Mine. Neglecting the SPR site should not have a
significant impact on the computational results since, as will be demonstrated later in this
paper, the subsidence and stress disturbances of room and pillar mines are localized to a
region just outside the mine boundary. However, the effect of neglecting the New Morton
Mine is not as insignificant. The mining activities beneath the Markel will cause the floor of

unbenched perimeter

,-1- I-\/

1111111111  step down from unbe
to benched areas

N

nched

Figure 2. Plan of the Markel Mine.
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8 m (160 ft) overburden

Figure 3. Quarter symmetry model of the Markel Mine, showing the finite element
mesh of the mine with the roof removed for clarity.

the Markel to subside, reducing the load on its pillars. However, since this is a stability
evaluation of the Markel Mine, neglecting the lower mines has the effect of making the
computational results slightly more conservative.

The finite element calculations presented in this memo assume instantaneous formation of the
Markel Mine. This may be appropriate as the Markel was mined in a relatively short period
(1.5 years). In reality, the 7.62 m (25 ft) high rooms were driven and subsequently enlarged by
blasting the bench to form the 27.4 m (90 ft) high rooms. Gravitational body forces are
applied to the rock. To ensure initial equilibrium, elevation-dependent initial stresses were
applied to each element in the model. The vertical stress component,was  based on the weight
of the overbearing material (using the properties given in Table 1). For the salt, an initial
stress state was assumed in which the horizontal stress component is equal to the vertical
stress component (lithostatic). For the overburden, the horizontal component was applied to
be consistent with a vertically loaded elastic material in equilibrium. Under these load
conditions, the resulting ratio of horizontal to vertical stress is defined as follows:

Oh V-=-
% l - v

where v is the Poisson’s ratio of the material.
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2.2 Thermal Model

The finite element model includes a depth-dependent temperature gradient which starts at
26.8”C (80°F) at the surface and increases at the rate of O.O222”C/m  (O.O12”F/ft).  The
temperature distribution is important because the creep response of the salt is temperature
dependent. One-way thermal coupling was assumed by entering the thermal data into the
structural calculations. This assumption was appropriate since the deformations were not large
enough to significantly affect the thermal analysis. Furthermore, mine ventilation is assumed
to have a minor effect on salt temperature and consequent deformation rates. This assumption
is reasonable since it has been demonstrated that cooling effects of oil on storage cavern
deformations is negligible [ 31.

2.3 Material Properties

2.3.1 Constitutive Models

The sandy overburden is modeled as an elastic material, whereas domal salt exhibits both
elastic and creep behavior. The creep constitutive model used for this material considers only
secondary creep. The creep strain rate depends on the equivalent deviatoric stress as follows:

* crE = Aonexp (2)

where

tir is the creep strain rate,

ti is the effective or von Mises stress,

T is absolute temperature,

A and n are constants determined from fitting the model to creep data,

Q is the effective activation energy (caYmole>,

R is the universal gas constant (1.987 Cal/mole-K).

The properties used for the overburden and salt are reported in Table 1. Although the elastic
properties are measured from Weeks Island salt, the creep properties correspond to parameters
for the Waste Isolation Pilot Plant (WIPP) salt [4]. Previous studies have shown that WIPP
and most SPR salts exhibit similar creep behavior [5,6].

2.3.2 Structural Stability of Rock Salt

Four failure mechanisms are considered for rock salt in evaluating the stability of the Markel
Mine. The first mechanism is compressive failure which follows a Mohr-Coulomb yield
criterion of increasing strength with increasing confinement pressure. The failure criterion
used for this evaluation defines the strength of rock salt in terms of a maximum octahedral
shear stress [7] and is based on an extended Drucker-Prager formulation. The equations are
presented in Table 2. Although the failure criterion and parameters listed in Table 2 are not
specific to Weeks Island salt, they match laboratory data from Weeks Island samples very
closely. The parameters given in Table 2 yield an unconfined compressive strength of
approximately 19 MPa (2755 psi). Weeks Island Salt has an unconfined compressive strength
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Table 1: Structural Properties of Salt and Overburden

Material

., ‘j : :’.s&$c~~ > f ,,
,, *;’ I ,;

‘., ‘,‘..‘,~.~~~creep.propeaieS

I, ,,,

Young’s Density,
Poisson’s

Activation
Modulus, E

(GPa)
R a t i o ,  v (kg)m3) (PaS4’/sec)  n Energy, Q

(kcal/mole)

salt 1.28 0.25 2300 5 . 7 9  x  1o-36  4 . 9 12.0

Overburden 0.1 0.33 1874 -- -- --

of 14 to 20 MPa (2030 to 2900 psi) [8]. At a confinement pressure of 3.45 MPa (500 psi) the
formulas in Table 2 yield a compressive strength of 35 MPa (5100 psi) whereas tests on
Weeks Island salt at this confinement are approximately 34 to 55 MPa (5000 to 8000 psi).

The second mechanism is elastic tensile failure or fracturing. It has been the practice in rock
mechanics to look for tensile stresses in rock surrounding an underground cavity as a potential
source of trouble since rock is not very strong in tension [9]. The measured tensile strength of
Weeks Island salt, based on laboratory samples, is approximately 1.07 MPa (155 psi) [8]. For
the purposes of these analyses, the tensile strength of Weeks Island salt was assumed to be

Table 2: Equations for the elastic stability limit of rock salt [7]

General  Equations:

20 = ~[(01-q2+ (a2-03)2+  (cJ3-o,)2]“2

m = &;(s,<szSs3)
I 3

Si = oi-(To

J,,, =

Equation  for  the elastic  stability  limit of rock salt:

TOB  =f(a,)g(m)h(T)

f(o,) = b(>)P; b=2.7 MPa, p=O.65,  o’ =l h4Pa

g(m) = [(l+k)  $-QJm]  ‘k=0*74

h(T) = 1 for  T I 1OOT
Equation  for  elastic  stability:

octahedral  normal  stress

octahedral  shear stress

Lode parameter

stress deviators

invariant  of the stress geometry

stability  limit ( 7oB ) of rock salt

ToB as a function  of octahedral normal  stress

stress geometry function

temperature  dependence

failure  is assumed  when Fe < 1
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zero. This assumption is conservative but also may be closer to reality since laboratory tests
are based on small samples and large rock samples typically have lower tensile strengths due
to inhomogeneities [9]. Tensile cracking in rock salt tends to initiate perpendicular to the
largest tensile stress in the rock sample. The largest tensile stress is one of the principal
stresses. The directions of the principal stresses, called the principal directions, are the axes
along which the shear stresses vanish. The maximum principal stress is the algebraically
largest of the three principal stresses (in 3D space) and the largest normal stress in any
direction. The potential for tensile failure exists if the maximum principal stress is tensile. The
direction of crack initiation is determined by calculating the corresponding principal direction.

The third failure mechanism is progressive failure due to accumulated creep strain, also
known as creep rupture. Unlike the previously discussed mechanisms, creep rupture is not
instantaneous, but accumulates with time as the salt undergoes creep deformations. Creep
rupture is the least understood of the four failure mechanisms considered here for Weeks
Island rock salt. The criterion used in this analysis is based on a limiting strain derived from
quasistatic laboratory test data [lo]. Although the criterion has not been extensively validated
against field data, it is the best available measure of the creep rupture performance of Weeks
Island salt. The following relationship was derived between the mean stress (pressure, p) and
the ultimate strain (E”) at failure:

EU = a+bpC (3)
where u= 1.15, b= 1 .e-5, and L- 1.76 14 are material constants. Using this definition of strain-to-
rupture, a stability function was defined as follows:

where E is the effective strain. This formulation can be interpreted as a factor of safety in
which stability is indicated if F, > 1.0.

2.3.3 Hydrological Performance of Rock Salt

The fourth failure criterion used in the stability evaluation of the Markel Mine relates to the
hydrological performance of salt. Rock salt in its natural state is typically considered
impermeable. This is why salt formations are considered ideal storage sites for petroleum. The
salt above the Weeks Island storage facility isolates the stored oil from the groundwater
located above the salt dome. Creep deformations resulting from the excavation of
underground openings will not cause an increase in permeability as long as the deformations
are isovolumetric. However, deformations that result in an increase in the volume of salt can
result in increased permeability. Such a volume increase, called dilatancy,  is attributed to
microfracturing or changes in the pore structure of the salt. The region or volume of salt
which experiences a change in its pore structure, or the microstructure of its porosity, due to
the excavation of underground openings has become known as the disturbed rock zone (DRZ)
[ 111. Damage in the DRZ is manifested principally as grain boundary microcracking
accompanied by dilation, and is a result of relatively high deviatoric and low hydrostatic
stresses. This damage does not imply failure or loss of strength of the rock salt [ 111. Van
Sambeek et. al found that the resulting fractures are preferentially aligned parallel to the
maximum compressive principal stress and occur almost exclusively on grain boundaries at
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the exclusion of cleavage fractures [12]. (In this memo, negative stresses are compressive.
Thus, the maximum compressive principal stress corresponds to the algebraically smallest or
minimum principal stress.)

Pore structure is the link between mechanical and hydrological response of a porous medium.
Pore structure can be altered in two ways: (1) changes can be made to in the existing pore
structure, and (2) new pore space can be created. Changes in existing pore structure are made,
for example, by changing pressure. An increase in pressure tends to close existing pores and
cracks, which reduces the connected porosity and permeability; whereas a decrease in
pressure has the opposite effect. Creation of new porosity occurs due to changes in the
deviatoric stress state and also increases permeability. The resulting damage increases the
hydraulic storage capacity of the rock.

The presence of a DRZ has important implications for the SPR. The increased porosity of the
DRZ may serve as a sink within which fluids (oil and water) accumulate. Furthermore, if a
DRZ extends from the mine to the groundwater regime just above the salt dome, then a flow
path for water into the mine can be established.

Dilatancy surfaces (yield surfaces defined by the onset of volumetric expansion under
compressive loading) have been defined in three independent test programs conducted by
Hunsche [ 131, Spiers et al. [ 141, and Ratigan [ 151. A comparison of these three criteria by
Sambeek et al. [12] revealed that the dilatancy boundary from any one test, as independently
reported, adequately represents the dilatancy boundary for the other tests. This consistency for
vastly different salt types provides confidence for applying any one of these criteria.
However, there is some variation in the criteria at low mean stress conditions which exist at
the shallow depths of the SPR facility at Weeks Island. Dilatation data from Avery Island (a
neighboring salt dome of Weeks Island) salt has shown very good agreement with Ratigan’s
dilatancy surface [ 15, 161. This dilatancy surface is defined by a “damage” factor, D, which
portrays the potential for dilatant behavior is reported in [12] and is expressed as follows:

where J2 is the second invariant of the deviatoric stress tensor, ZI is the first invariant of the
stress tensor (ZZ=30,), and a is a material constant. When D is equal to or greater than one,
the shear stresses in the salt are large compared to the mean stress and dilatant behavior is
expected.

The criterion, as reported by Ratigan, uses a material constant of a=0.27 to define the slope of
the dilatancy surface. Based on quasi-static triaxial compression tests performed on Weeks
Island rock salt, Ehgartner [ 161 demonstrated that Weeks Island salt dilates at lower deviatoric
stress than those represented by Ratigan’s criterion. Ehgartner determined the constant for this
criterion to be a=0.25 for Weeks Island salt. This dilatancy criterion is used in the present
study to delineate potential zones of dilatancy in the salt formation surrounding the Markel
Mine based on the stress state calculated in the finite element analysis. The orientation of the
grain boundary fracture is determined based on the orientation of the minimum principal
stress direction (which corresponds to the largest compressive principal stress).
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3 Analysis Results

The computational results are presented as two separate investigations. The first and primary
investigation is concerned with how the stability of the Markel Mine (including the overlying
sand and overburden) is affected by the loss of pillars. Pillar failure is simulated by removing
pillars from the model at a specified time using the element death option in JAC3D. This
method of removing pillars should be an accurate representation of pillar failure since
compression tests of salt specimens show a dramatic reduction of strength after failure [ 171.
Furthermore, it has been demonstrated that the instantaneous removal of pillars yields similar
computational results as gradual removal [ 181. In this investigation, the two mechanisms of
concern are tensile failure and dilatant damage. The development of tensile stresses in the
overburden due to the loss of pillars could result in extensive fracturing in the overlying
materials and the development of a path for water to enter the mine. Similarly, if a dilatant
region or DRZ extends from the mine to the overburden, a flow path for ground water can be
established.

The first investigation does not propose how the pillars of the Markel Mine would fail, but
only investigates the effect of pillar failure on mine stability. The second investigation
examines the stability of the pillars with respect to the three failure mechanisms discussed in
Section 2.3 (compressive failure, tensile failure, and creep rupture) in order to evaluate the
present condition of the Markel Mine pillars. Progressive failure is modeled by removing salt
from initially square pillars to form hourglass-shaped pillars similar to the observed post-
slabbed shape of the Markel Mine pillars. This model is used to determine the post-slabbed
stress state of the pillars and to evaluate the stability of the pillars after slabbing. Combined,
these two investigations present a complete stability evaluation of the Markel Mine
considering the current state of technology in modeling salt.

3.1 Finite versus Infinite Room and Pillar Models

The finite room and pillar model of the Markel Mine used in this investigation is intended to
be an approximate representation of the irregular geometry of the actual mine. Frequently,
infinite room and pillar models are used to represent a mine of finite extent because the
models are considerably smaller due to symmetry conditions and are hence less expensive. It
is sometimes argued that an infinite model can be an accurate representation of the center
pillars of a large mine. To determine whether an infinite model is appropriate for simulations
of the Markel Mine, a simulation of an infinite room and pillar model was performed using
the same pillar and room dimensions (width, depth, etc.) as the finite model. The infinite room
and pillar representation of the Markel Mine is shown in Figure 4. The model represents one-
quarter of a pillar and half of the surrounding rooms. Displacements are constrained normal to
all four vertical boundaries as well as the lower horizontal boundary. The creep strains in the
finite and infinite models are compared in Figure 5 at 10 years into the simulation. The
maximum creep strain in the infinite model is 0.1637 but only 0.03744 in the finite model (a
factor of 4.4 smaller). Also, the maximum creep strain in the finite room and pillar model
occurs in the center pillar, while the pillars closer to the edge experience significantly less
creep strain. The shape of the creep strain contours in the infinite model are consistent with
those of the finite pillar model, indicating that the deformation mechanisms are similar. The
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maximum subsidence over the infinite room and pillar model is 1.92 m at 10 years into the
simulation and only 0.292 m over the finite model (a factor of 6.6 smaller). Thus, the infinite
room and pillar model overpredicts both pillar strain and surface subsidence of a 45 pillar
mine.

There is a subtle difference between the mechanics of the infinite pillar model and the finite
pillar model which is important with respect to evaluating pillar stability. Infinite room and
pillar models place the entire weight of the overburden on the pillar, whereas in finite models
the surrounding salt bears some of the overburden weight. This is sometimes referred to as
stress arching. The average vertical stress in the pillar of the infinite model is compared to
that of the center pillar of the finite model in Figure 6. Initially, the pillar stress is 10 percent
higher in the infinite model. However, this difference becomes greater with time. As the
pillars bulge, the load bearing area increases. As a result, the average vertical stress decreases.
However, as the pillars shorten in the finite model more load is taken by the material
surrounding the mine, resulting in a greater reduction in the pillar stress. This phenomenon is
not captured by the infinite room and pillar model. At 10 years into the simulations the
vertical stress predicted by the infinite model is 30 percent greater than that predicted with the
finite model.

The above comparison is presented to demonstrate the considerations in determining if an
infinite room and pillar model is appropriate for a given simulation. The magnitude of the
differences between these two models depends on the size of the mine. Since the Markel Mine
is a relatively small mine, the differences between these two models are significant. Hence, no

-6.0

-7.0

iF
3
itz -8.0

i

e -9.00
P
ii
z

-10.0

-11.0 -

-!-

-;
,-’ :

2. . . . . . . . . . . . . . . . . . . . . . . r.z . . . . . . . . . . . . . . . . .
- finite room and pillar model

.--I - - - infinite room and pillar model
,*’

/’
I’II

~0.0 10.0 20.0 30.0
time (years)

Figure 6. Average vertical stress history in the pillar of the infinite model compared to
that in the center pillar of the finite model.

19



further simulations of the Markel Mine were performed using the infinite room and pillar
model.

3.2 Effect of Pillar Failure on Mine Stability

A simulation of the 45 pillar Markel Mine model was performed for 15 years, the approximate
age of the mine at present. At this time in the simulation, pillars were removed from the model
and the stress redistribution in the overlying strata was evaluated to determine the effect of the
pillar loss on mine stability. Five cases were evaluated, simulating the loss of 1,9, 15,21, and
45 pillars as illustrated in Figure 7.

3.2.1 Tensile Stress

A contour plot of maximum principal stress is shown in Figure 8 for each of the cases under
evaluation. After pillars are removed, a tensile field develops in the roof of the mine. As more
pillars are removed the tensile field grows higher and wider. This tensile field reaches the
overburden/salt interface only when all 45 pillars are removed. In all of the cases (even when
no pillars are removed), a tensile field develops at the surface and extends approximately
213 m (700 ft) from the edge of the mine. The tensile region grows in size and magnitude as
pillars are removed from the model. This poses a threat to the service shaft of the New Morton
Mine as it is only 152 m (500 ft) away from the Markel Mine. Tensile stress could cause the
Morton Mine service shaft to separate from its host salt, creating a flow path behind the shaft
lining. A vector plot of the tensile maximum principal stress field is shown in Figure 9 for
the case in which all 45 pillars are removed. The tensile stresses are oriented in a vertical
direction directly above the mine and gradually transition to a horizontal orientation near the
surface. Assuming a tensile strength of zero, cracking would be expected to develop
perpendicular to these vectors. As the pillars deteriorate, the high tensile stresses in the roof
could cause roof falls.

3.2.2 Dilatant Damage

A contour plot of dilatant damage is shown in Figure 10 for each of the six cases under
evaluation. The overburden layer is not shown in this figure as the criterion was developed for
rock salt. Damage is indicated where D > 1 .O. With no pillars removed the DRZ is confined to
a small region surrounding the mine. In the case where 15 or more pillars are removed, the

m 1 pillar

m 9 pillars

15 pillars

0 21 pillars’

0 45 pillars

Figure 7. Outline of pillar failure simulations. Each case includes the pillars from the
preceding case.
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Figure 4. Infinite room and pillar representation of the Markel Mine.

St= 0.1637

m= 57.44E-5

Figure 5. Creep strain at 10 years for infinite and finite room and pillar representations of
the Markel Mine (scales intentionally different to show similarity in contour
shapes).
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Figure 8. Maximum principal stress distribution at 15 years immediately after the
removal of 0, 1,9, 15,21, and 45 pillars from the Markel Mine.
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Figure 9. Vector plot of tensile maximum principal stress field in the Markel Mine with
all 45 pillars removed.

DRZ bridges between the mine and the overburden/salt interface, creating a flow path for
groundwater to enter the mine. As more pillars are removed, the DRZ grows in both size and
the magnitude of damage predicted. In the case where all 45 pillars are removed, the damage
in the DRZ is predicted to be extensive. The damaged regions correspond to the tensile stress
fields presented in the previous section as the tensile stresses reduce the mean stress of the
salt.

3.2.3 Stress Redistribution due to Single Pillar Failure

Another item of concern is how the failure of one pillar affects the stress distribution in the
surrounding pillars. If the failure of one pillar causes a stress redistribution such that the
surrounding pillars fail, then the mine is progressively unstable. Removing the center pillar is
a worst case since this pillar is subject to the greatest load. Pillars closer to the mine boundary
are subjected to smaller loads due to stress arching effects. Furthermore, when the center
pillar is removed the load is redistributed to pillars which are also farther from the mine
boundary. The average vertical stress history for one of the off-center pillars is plotted in
Figure 11, showing the effect of removing the center pillar. As noted earlier, the average
vertical stress decreases in time. The center pillar is removed at 15 years, and the stress in the
neighboring pillar increases 8.5 percent. However, this stress is still smaller than the initial
vertical stress sustained by the pillar, and much less than the 13.9 MPa unconfined
compressive strength of rock salt. Thus, it appears that the loss of only one of the Markel
Mine pillars does not significantly affect mine stability.

3.2.4 Surface Subsidence

The influence of pillar loss on surface subsidence is important since subsidence can possibly
be used as an indicator of the condition of the mine. Under stable conditions, subsidence is

22



I I
no pillars removed 1 pillar removed

9 pillars removed

I
21 pillars removed

Dilatant

15 pillars removed

45 pillars removed

Figure 10. Dilatant damage distribution at 15 years immediately after the removal of 0, 1,
9, 15,21, and 45 pillars from the Markel Mine. Damage is indicated where
D > 1.0.
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Figure 11. Average vertical stress in neighboring pillar (shown in black) for the cases of
(1) center pillar removal and (2) no pillar removal.

expected to decrease in rate. An increasing subsidence rate would indicate progressive failing
of the mine. The subsidence and subsidence rate histories are plotted in Figures 12 and 13,
respectively, for calculations simulating the loss of 0, 1, 9, 15, 21, and 45 pillars. The
calculations simulating the loss of 0, 1, and 45 pillars were performed to 30 years. The
calculations simulating the loss of 9, 15 and 21 pillars show only the elastic response to the
pillar loss and are therefore not included in the subsidence rate plot. These figures
demonstrate that the loss of pillars increases both the amount of instantaneous subsidence due
to elastic response and the subsequent subsidence rate due to creep. The rate increases nearly
an order of magnitude if all 45 pillars are lost.

A contour plot of the calculated subsidence distribution over the Markel Mine at 30 years is
shown in Figure 14 for the case in which no pillars were removed. The mesh lines are shown
on the plot to illustrate the extent of subsidence relative to the boundaries of the mine. Also
shown in this figure is a vector plot of displacements at 30 years in the same simulation. Both
of these figures indicate that ground motion is predominantly vertical above the mine and
limited in lateral extent to approximately 150 m from the boundary of the mine. The angle of
draw is the angle, measured from vertical, of a line drawn from the mine boundary to the
subsidence boundary. Based on the results shown in Figure 15, the angle of draw is
approximately 45 degrees. Furthermore, the angle of draw does not change significantly with
the loss of pillars.
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contour plot of subsidence (top view) vector plot of displacements

Figure 14. Contour plot of subsidence and vector plot of displacement at 30 years (no
pillars removed).
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Figure 15. Surface subsidence above the Markel Mine 15 years into the simulation for 0,
1,9, 15,21, and 45 pillars removed.
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Figure 12. Subsidence history of Markel Mine for the removal of 0, 1,9, 15,21, and 45
pillars.
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Figure 13. Subsidence rate history of Markel Mine for the removal of 0, 1, and 45 pillars.
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Figure 16 shows a plot of measured subsidence rates [19,20] over Weeks Island for a group
of subsidence stations located in a row as illustrated in the small figure in the top-left corner of
the graph. The measured subsidence rates are given for years 1990, 1991, and 1992. The
considerable variations in the rates from year to year are probably due to the mining activities
in the New Morton Mine. Also shown in the same plot is a profile of the predicted subsidence
rate at 15 years into the numerical simulation (corresponding to the 1990 to 1993 time frame).
The analysis is mirrored about its plane of symmetry to provide a full subsidence rate profile.
The data verifies the prediction that surface subsidence is of limited extent, resulting in a
small angle of draw. Since the simulation does not include the New Morton Mine nor the
DOE facilities, the predicted subsidence rate is significantly lower than that measured at
Weeks Island. Considering the relative size difference between the Markel Mine and the DOE
and Morton facilities, the predicted subsidence rate is realistic. Furthermore, if the predicted
farfield subsidence rate is adjusted to approximately 0.02 m/yr, equal to the subsidence rate
between the Morton and DOE facilities, then the predicted maximum subsidence in the center
of the trough is of the same order of magnitude as the measured subsidence rates.

3.3 Pillar Stability

Slabs approximately 3.05 m (10 ft) thick are reported to have fallen from pillars in the
benched area of the mine. Acres International Corp. performed several inspections of the
Markel Mine [21, 221. The inspection reports indicate that “the majority of deterioration was
on the pillar comers of the 90 ft benched area, with some lesser deterioration occurring along
the walls of the 25 ft rooms.” The 1990 Acres inspection report [22] indicates that the pillars
are developing an hourglass shape as shown in Figure 17, but that this development has a long
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Figure 16. Weeks Island subsidence data [ 19,201 compared to the JAC3D predicted
subsidence profile at 15 years. Approximate survey line shown in figure.
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way to go before the hourglass shape is fully achieved. Furthermore, this report indicates that
the number of large salt falls observed was decreasing in time with a proportional increase in
the small falls observed. The 1989 Acres inspection report indicates that there has been little
or no change in the condition of the mine in the previous three years [21]. Hence, it is
reasonable to assume that the majority of the large salt falls occurred within the first five years
after Markel mining operations ceased.

3.3.1 Tensile Failure

A plot of the calculated maximum principal stress distribution in the Markel Mine 2 years
after formation is shown in Figure 18. These regions of tensile stress correspond to failures
observed in the roof and walls of the Markel Mine. The tensile regions in the walls are
approximately 3 m (10 ft) thick at mid-height. Note that the tensile regions develop in the
walls of the benched area and not the unbenched area. This is consistent with the inspection
reports which indicate that the majority of deterioration occurred in the benched area. The
predicted tensile stresses develop upon excavation of the mine and increase in magnitude
during the first three to four years to a maximum of approximately 1.25 MPa. The time frame
of predicted tensile stress growth (three to four years) agrees with the time period during
which the largest salt falls were observed. Furthermore, if the material in tension is removed,
the pillar assumes an hourglass shape as observed in the mine. Figure 19 is a vector plot
showing the orientation of the tensile stresses in a pillar at 2 years. The tensile stresses are
oriented parallel to the wall surface. Cracks resulting from these tensile stresses should
generally be vertical and perpendicular to the face of the pillar. The majority of cracks

Figure 17. Slabbing of the Markel Mine pillars, resulting in a post-failure hourglass
shape (1989) [21].
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principal stress

Figure 18. Plot of maximum principal stress distribution in Markel Mine at 2 years.

Figure 19. Orientation of tensile principal stresses in the Markel Mine pillars.

observed in the Markel are vertical. Corner slabbing could be caused by the intersection of
tensile cracks originating from orthogonal faces as shown in Figure 20.

A slabbing pillar model of the Markel Mine, shown in Figure 21, was developed to determine
how the stress distribution in the pillars is affected by slabbing. The center-most 21 pillars
(benched area) are meshed such that a 3.05 m (10 ft) thick slab of salt can be removed from all
four walls of the pillar, yielding an hourglass pillar shape. It should be noted that all of the
computational results from this model represent a worst case in which all of the pillars in the
benched area slab on all four sides at the same time. The slabbing observed in the Markel
Mine has occurred more gradually and is not as complete.
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Figure 20. Proposed crack orientations due to tensile principal stresses in the pillar.

before slabbing after slabbing

Figure 21. Slabbing pillar model of the Markel Mine.

As previously noted, the observed large salt falls in the Markel Mine took place in the first
few years of operation [23]. To be consistent with this observation, a 20-year simulation was
performed in which the slab material was deleted two years into the simulation. Figure 22
shows a contour plot of maximum principal stress in the center-most pillar at three times in
the analysis: (a) prior to slabbing, (b) immediately after slabbing, and (c) at the end of the 20
year simulation. Prior to slabbing (2 years), a region of tensile stress develops which is
approximately 3.05 m (10 ft) thick at the pillar mid-height. After this region of material is
removed, the stress distribution in the pillar changes such that there are no tensile stresses in
the pillar. The stress distribution changes because the hourglass shape places the pillar in
confinement. Twenty years into the simulation (18 years after slabbing) the maximum
principal stresses in the pillars remain compressive. Hence, the analysis results suggest that
corner slabbing is initiated early in the life of the mine by the development of tensile stress in
the pillar. The post-slabbing shape of the pillar results in the redistribution of stresses such
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Figure 22. Contour plot of maximum principal stress in the pillars of the Markel Mine (a)
prior to slabbing, (b) immediately after slabbing, and (c) at the end of the 30
year simulation.

that no further failure will occur as a result of tensile stress, indicating that the mine is stable
with respect to this failure mechanism.

It is interesting to note that the high tensile regions predicted at the edge of the unbenched area
correspond with the location of fractures observed in the floor of the Markel Mine. These
fractures are known as floor heave [21]. Although floor heave has no apparent effect on mine
stability, this agreement provides further confidence in the computational results.

Based on the above comparisons between the analysis and field observations, it is proposed
that the comer slabbing observed in the Markel Mine is probably due to the development of
tensile stresses in the pillars as opposed to creep rupture. This assumption is supported by the
fact that there has been a decreasing number of large salt falls since these early failures [23].
Conversely, creep rupture is a progressive failure mode. Hence, one would expect failure by
this mechanism to increase as creep strains in the pillar increased.

3.3.2 Compressive Failure

Another concern is that slabbing reduces the load bearing area of the pillar, reducing the
factor of safety originally designed into the pillars. Three additional factors should be
considered: (1) the load bearing area of the pillar is increasing as the pillar bulges due to
creep, (2) the load applied to the pillar is decreasing in time as seen in Figures 6 and 11, and
(3) the post-failure hourglass shape increases the confining pressure in the pillar which
increases the limits of both instantaneous (Mohr-Coulomb) failure mechanisms as well as
time dependent (creep rupture) failure mechanisms. Figure 23 shows the pressure distribution
in the center pillar before and after slabbing. The minimum confining pressure before
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Figure 23. Pressure distribution in the center before and after slabbing.

slabbing is approximately 2 MPa (290 psi). After slabbing, the minimum confining pressure
increases to 4 MPa (580 psi). The compressive strength of salt increases from approximately
13.8 MPa (2000 psi) for no confining pressure to approximately 52 MPa (7600 psi) for
3.4 MPa (500 psi) confining pressure [8]. The elastic stability function presented in Table 2 is
plotted in Figure 24 for the center pillar before and after slabbing. In this plot the octahedral
stress is normalized with respect to the octahedral strength (zon). Thus, elastic instability is
indicated in regions where F11.0. Before slabbing, the minimum value of the elastic stability
function is 1.08. After slabbing the minimum value increases to 1.35. Even 18 years after
slabbing, the minimum value of the elastic stability function increases further to 1.55. Thus,
slabbing improves the condition of the pillar with respect to elastic stability. This occurs
because the increased confinement resulting from the hourglass geometry compensates for the
reduction in load bearing area.

The vertical stress distribution in the center pillar before and after slabbing is shown in Figure
25. The maximum stress in the pillar increases from 11 MPa to 13.7 MPa (25 percent). The
average vertical stress in the core of the pillar (the portion which remains after slabbing) is
plotted in Figure 26 as a function of time. The average stress increases from 9.46 MPa prior to
slabbing to 12 MPa after slabbing (a 27 percent increase). However, because the average
stress in the pillar is decreasing with time, this is only 17 percent higher than the original pillar
stress of 10.2 MPa and still below the 13.9 MPa unconfined compressive strength of rock salt.
Furthermore, the average stress reduces back to its original (t=O) value only 2.5 years after
slabbing. Thus, the period of inactivity reported in the 1989 inspection report would be
sufficient for the average vertical stress in the pillar to reduce such that future compressive
failure is unlikely unless slabbing continues to reduce the cross sectional area of the pillar.
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Figure 24. Elastic stability function plotted for the center pillar before and after slabbing.

before slabbing after slabbing

Figure 25. Vertical stress distribution in the center pillar before and after slabbing.
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3.3.3 Creep Rupture

Creep rupture is the least understood of the three failure mechanisms considered here for rock
salt. The criterion used in this analysis is based on a limiting strain derived from quasistatic
laboratory test data. Although the criterion has not been extensively validated against field
data, it is the best available measure of the creep rupture performance of Weeks Island salt. A
contour plot of the failure criterion is presented in Figure 27 at 3 years and 17 years in the
simulation. Seventeen years corresponds to the approximate age of the mine at present.
Failure is indicated by regions in which the failure function is less than one. Failure initiates
approximately three years into the simulation and starts in the center-most pillars. The failure
initiates from the outer walls of the pillar at mid-height. The failure region gradually moves
toward the center of the pillar. The criterion indicates that, at present (17 years into the
simulation), through-pillar failure has occurred from top to bottom of all the pillars in the
benched area. Since this is a strain-limiting criterion, the shapes of the failure contours are
similar to those of creep strain (see Figure 5). It is difficult to confirm creep rupture based on
visual inspection of a pillar since failure by this mechanism can be manifested in intergranular
fracturing coupled with a loss in pillar strength but with no visible signs of deterioration.
Creep rupture may be the cause of some of the failure attributed to tensile fracture. Even if
this criterion is conservative, predicting failure to occur too soon, the shape of the failed
region should be as predicted if creep rupture is strain based as is commonly believed. If, as
predicted by this strain limiting criterion, the pillars are failing, then the present state of the
mine would be equivalent to removing the center 21 pillars (see Figure 8). The additional load
placed on the unbenched pillars would eventually cause them to fail, resulting in the loss of
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Figure 27. Creep rupture criteria plotted at 3 years and 17 years (present). Failure
is indicated in regions where F < 1.

strength in all 45 pillars. As was shown in Section 3.2, the loss of all pillars will result in the
development of tensile stresses from the mine to the salt/overburden interface and possibly
create a path for water to enter the mine.
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4 Discussion and Conclusions

A three dimensional finite element analysis of the Markel Mine located on Weeks Island was
performed to: (1) evaluate the stability of the mine and (2) determine what effects mine failure
might have on the nearby Morton Salt mine and SPR facilities. The simulations performed
with this finite room and pillar model of the Markel Mine revealed performance
characteristics of the mine which could not be determined from previously used infinite room
and pillar models. First, subsidence due to creep closure is localized over the Markel Mine
with the maximum subsidence occurring over the center of the mine. This behavior is
consistent with subsidence data from the Weeks Island site. Second, the stress in the pillars of
the Markel Mine is reducing with respect to time. This stress reduction is the result of (1) an
increase in the load bearing area of the pillar as it bulges, and (2) a reduction in the load
applied to the pillar, implying that the pillars are creeping faster than the mine roof. The later
performance characteristic has an significant impact on the stability of the mine,
demonstrating that this model is more appropriate for investigating stability issues than an
infinite room and pillar model.

The stability investigation consisted of two studies. The first part of the stability evaluation
investigates the effect of pillar failure on the integrity of the overlying salt and overburden.
Based on a study in which selected pillars were removed from the model to simulate pillar
failure, the following observations are presented:

l The loss of a single pillar in the Markel  Mine will not cause the failure of its
surrounding pillars. The loss of one pillar results in a 10 percent increase in the
average stress in the neighboring pillars. Because the stress in the pillars is reducing in
time, this increase results in a stress significantly less than the original elastic pillar
stress (at time t=O).

l Ground water intrusion is possible if some the Markel Mine pillars fail. Tensile
stresses start to develop in the overburden with the loss of only 1 pillar. These tensile
stresses extend from the mine to the salt/overburden interface only for the case where
all pillars are removed simultaneously. These tensile stresses could cause macroscopic
fracturing of the salt and result in the development of a path for water to enter the
mine. A disturbed rock zone (DRZ) or dilatant region develops as pillars are removed
from the model. The DRZ bridges the mine and the overburden in the case where 15 or
more pillars are removed from the model. Dilatant damage is attributed to
microfracturing or changes in the pore structure of the salt, resulting in a flow path for
groundwater to enter the mine.

l Complete collapse of the Markel Mine could cause damage to the service shaft of the
New Morton Mine. The tensile stresses resulting from the loss of all pillars extend
approximately 213 m (700 ft) from the boundary of the Markel Mine. This poses a
threat to the service shaft of the New Morton Mine as it is only 152 m (500 ft) away
from the Markel Mine. The tensile stresses could cause the Morton Mine service shaft
to separate from its host salt and possibly create a flow path behind the shaft lining.
Indirectly, the service and production shafts of the New Morton Mine could also be
threatened by flooding of the Markel Mine as only 18 m (60 ft) of salt separates the
shafts from an access drift of the Markel.
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In the second part of the stability evaluation, the stability of the pillars is investigated with
respect to three failure mechanisms: tensile failure, compressive failure, and creep rupture. A
slabbing pillar model was developed to investigate how the failures observed in the Markel
Mine affect the stress distribution in the pillar. Although the model simulates slabbing of a
greater extent than that observed in the Markel Mine, the results are indicative of the stress
redistributions that the pillars are undergoing. With respect to the three failure criteria, the
following observations are presented:

l Tensile failure. The timing of the comer slabbing observed in the Markel Mine
(occurring in the first three to four years) agrees with the predicted development of
tensile stresses in the pillar walls. Furthermore, if the material in tension is removed,
the pillars assume an hourglass shape as observed in the Markel Mine. Numerical
simulations reveal that the stresses in the post-slabbed hourglass shape redistribute
such that there are no tensile stresses. Thus, failure due to this criterion is not likely to
occur after the hourglass shape is fully achieved.

l Compressive failure. The average vertical stress increases 27 percent due to the
reduced cross sectional area of the pillar after slabbing has occurred. However,
because the applied load is decreasing with time, the average vertical stress reduces to
its original value in less than 3 years. Furthermore, the post-failure hourglass pillar
shape results in increased confinement. Higher confinement stresses result in an
increase in the yield strength of rock salt. Finally, after slabbing has occurred, the
cross sectional area of the pillar is increasing with time as it bulges. Thus, failure due
to exceeding the compressive strength of salt is not likely unless the cross sectional
area of the pillar is further reduced.

l Creep Rupture. Based on the criterion used in this evaluation, failure by this
mechanism is predicted to begin approximately three years into the life of the mine. At
present, through-pillar failure is predicted to occur in all of the pillars in the benched
area. It is uncertain how much of the observed slabbing, if any, has been caused by
creep rupture. It is possible that the failure observed up to now has been a combination
of tensile failure and creep rupture. If, according to the criterion used in this
evaluation, the pillars are failing by this mechanism, then the accompanying loss of
strength would be equivalent to removing pillars from the model as was done in the
first part of this stability analysis. Since the pillars in the benched area are at the same
extent of creep rupture, then the present state of the mine would be equivalent to the
case in which the center-most 21 pillars are removed. The additional load placed on
the unbenched pillars would eventually cause them to fail, resulting in the loss of
strength in all 45 pillars.

Of the various failure criteria investigated, the most alarming results are predicted by the
creep rupture criterion. Since creep rupture is not a well understood phenomena and the
present criterion is not sufficiently validated against laboratory and field data, further
development and validation of failure criteria is recommended.
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